
copy
RM L55307

ilk
‘q
,1-

ACA..
.. .If

‘“K; . ‘
... ‘.--,’ /!!+#/27(4>

I

RESEARCH MEMORAFt”DUkk

A TRANSONIC INVESTIGATION OF CHANGING INDENTATION DESIGN
1
i
1

MACH NUMBER ON TEE AERODYNAMIC CHARACTE13MTlCS OF

A 45° SWEPTBACK-WING-BODY COMBINATION

1
DESIGNED FOR HIGH PERFORMANCE

By Donald L. Loving

Langley Aeronautical Laboratory
Langley Field, Va.

Thismmrlalemlalmlnfamm.limaffectlnstb9Nat!9mlMem4dtb Uda.iSW=witMntbmaud.mg
ofthe6a@oIw0 I&!vs,‘TUle18,U.S.C.,Sacs.78S&ml‘i’W,thebw3mt63km0r lweiatlOclOfw?!lchlJlaug
=t0samwUmimdp3rm ni8pr0hUdMtylw.

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

--. —-. . . . .. .. .. --— .,. - . ... . . . .. . ---- . . ... .. ... . ...... . . —- 4

WASHINGTON
January 10, 195’6

,%-, --

~L

—.



TECH LIBRARY KAFB, NM

N

,

.

.

NACA RM L55J07
‘ Illl!nnnlnlllBIIun

CIIJ441J87

NATIONAL ADVISORY CC@WTTEE FOR AERONAUTICS

RESEARCH MEMORANDUM .

A TRANSONIC INVESTIGATION OF CEANGING INDEN’’IWION

MACH NUMBER ON THE AERODYNAMIC CHARACTERISTICS

A 45° SWEPTBACK-WING-BODY COMBINATION

DESIGNED

BY

The ‘effectsof chsmging
Wnsmic characteristics of a

FOR HIGH PERFORMANCE

Donald L. Loving

suMMARY

DESIGN
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indentation design Mach number on the aero-
45° sweptback-wing-body conibinationdesignei

for high performance have been investigated at Mach numbers from 0.80
to 1.13 in the Langley 8-foot transonic tunnel and at a Mach number of
1.43 in the Langley 8-foot transonic pressure tunnel. The Reynolds num-

ber of the investigation covered the range from approximately 2.5 X 106

to approximately 3.0 x 106 based on the mean aerodynamic chord of the
wing. The 45° sweptback wing with csmber and a thickend root was tested
at 0° sngle of incidence on an unindented body and on bodies indent~
for Mach numbers M of 1.0, 1.2, and 1.4. ‘l?ransonicand supersonic mea
rules were used in the design of the indented bodies. Theoretical zero-
lift wave drag was calculated for these wing-bcdy combinations. A -2°
~le of incidence of the wing, an M = 1.4 revised body indentation,
and fixed transition also were investigated.

Experimental values of zero-lift wave-ti”agfo: the indented-body
combinations followed closely the area-rule concept in that the lowest
zero-lift wave-drag coefficient was obtained at or near the Mach number
for which the body of the combination was designed. Theoretical values
of zero-lift wave drag were considerd to be in good agreement with the
‘experimentalresults. At a given supersonic Mach number the highest
values of nwdmum lift-drag ratio for the various combinations also were
obtained at or nesr the Mach number for which the body of the combination
was designed. At Mach numbers of 1.0, 1.2, and 1.43, the maximum lift-
dr~” ratios were 15.3, 13.0, and 9.2, respectively. The use of an angle
of incidence of -2° for the wing in canbination with the M = 1.2 body

J

increasd the zero-lift wave drag and decreasd the maximum lift-drag
ratio. All configurationsmaintained stable characteristics up to the
highest lift coefficient of the investigation (CL= 0.5).
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INTRODUCTION

As a result of the growing demand that the next generation of mil.i-
tsx’yairplanes be capable of high subsonic cruise and supersonic bursts,
the problem of designing a suitable wing-bmly cmnbination which will
exhibit high values of madnnun 13.ft-drag ratio at high subsonic speeds
amd lowest possible drag at supersonic speeds at moderate lift conditions
has become of prime importance. Many detailed studies have been under-
taken with the purpose of providing basic information for the design of
such a high-performance wing-body ccmibination. Iu the investigation of
reference 1, the use of body indentation in canbination with various
transonic wings, according to the transonlc sxea rule of reference 2,
was studied and shown to produce large reductions in wave drag especially
at M = 1.0.

Recently several investigations have been made to determine methcils
for improving the nmdmum lift-drag ratio of wing-b&y canbinations suit-
able as a basis for the design of aircraft intended for operation at
supersonic speeds. A concept was developed in reference 3 which quali-
tatively interrelatai the zero-lift wave drag of wing-body combinations

o

at moderate supersonic speeds tith sxial distributions of cross-sectional
sreas. Theoretical and expertiental studies of the application of the
supersonic area rule to the reduction of drag of upswept wings have been
presented in such references as 4, 5, and 6, but very little data are
available for sweptback wings.

The object of the present investigation was to test various body,
shapes designd for a sweptback wing. An unindentd body and a series
of indent&i bcdies design&l for Mach numbers of 1.0, 1.2, and 1.4 were
used. The sweptback wing was specially designed for high performance
when used in combination with the various bodies, and designed to have
good pitching-moment and structural characteristics. This wing was
tested primarily at 0° angle of incidence.

Other psrts of the progrsm included a test of the wing at an angle
of incidence of -2° in combination with the body indent~ for a Mach
number
on all

a

b

of 1.2, sm M = 1.4 revised body indentation, and fixed transition
configurations.

SYMBOLS

mean-line designation, fraction of chord frcm leading edge
over which design load is uuiform

wing span

—— .
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C&

‘D.

C%d_n

wing chord measured parallel to

mean awodynsmic chord measurd

“g!
b/2

C2W
so

Mach number

free-stream dyvnsmicpressure, *P-VP

plane of symmetry

parallel to plane of symmetry,

c

body radius

Reynolds number, PTc/11 ~

total wing srea

velocim in undisturbed stresm

body station, distance fran nose of body

angle of attack of body center line

angle of incidence of wing relative to body center line

mass density in undisturbed stresm

.coefficient of viscosi~ in undisturbed stream

lift coefficient, Mft/qs

lift-curve slope, averaged over a lift-coefficient rsnge
.’ from -0.05 to 0.3

drag coefficient, Drag/qS

zero-lift drag coefficient, Zero-1ift drag/qS -

zero-lift wave-drag coefficient CD
%

- CD
%=0.8

incraental zero-lift wave-drag coefficient,

(‘D. fixed

minimum drag

)‘“mDona~al transitiontransition

coefficient, Minimum tia.g/qS
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msximum lift-drag ratio

pitching-mcnnentcoefficient about 25 percent chord of mean
aerodynamic chord,

pitching-mament-curve
range from -0.0~ to

roll angle of @s of

Pitching mome&~qSE

slope, averaged over a lift-coefficient
0.3

tilt of Mach planes sround the center
Mne of the various configurations, zero when Mach planes
cut in vertical direction .

DESIGN OF WINGBODY COMBINATIONS

Details of the wing-body combinations investigated are shown in
figure 1. .The wing has 45° sweepback of the 0.25-chord line, an aspect
ratio of 4, and a taper ratio of O.1~, and is cambered for a design lift
coefficient of 0.2. At the root a streamwise NACA 64A.206, a = O air- .

foil section was used. StreamWise NACA 6W203, a = 0.8 (modified)
airfoil sections were used from 50 percent semispan to the tip as shown
in figure 1. Straight-1ine elaents were used in fairing the wing
sections from the root to 50 percent semispan. The ordinates of the
wing sections are listed in table I. The wing, construct of steel,
was mount~ in a midwing position on a sting-supportedbody for all test
configurations.

Considerations 12wolved in Design

wing .- The ting of the combinations has been designed to have low
drag associat~ with lift at subsonic and moderate supersonic speeds,
low wave drag when used with an indentel body for a range of transonic
and moderate supersonic speeds, relatively good pitching-moment charac-
teristics, and good structural characteristics.

The qusrter-chord tie-was swept back in order to have low drag
associatd with llft and also to have high effectiveness of indentation
by insuring that the leading edge would be swept behind Mach ld.nesat
moderate supersonic speeds. In a previous investigation (ref. 3), a
600 sweptback wing was designcxion the same basic assumptions. This
600 sweptback wing, however, exhibited extrmelyu nfavorable pitching-
moment characteristics which, to date, have not been alleviated suffi-
ciently to make it a practical airplane component. The sweepback of the
present wing, therefore, was limited to 45° to assme more favorable
pitching-moment characteristics. It has been indicatd in reference 3
that, for obtaining smooth sxea distributions and reductions in wave

..— —— —.
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drag at supersonic speeds, the body for the best wing-body compromise
should be indented and the wing thickness ratio should be decreased fram
the root outboard. Consequently, the thiclmess ratio of the present ~
varies from 6 percent at the root to 3 percent fran the midsemispan to
the tip. This taper in thickness also permits better structural design
of the wing. Other studies of the effect of thiclmess ratio have been
presented in references 7 and 8. The taper ratio of 0.15 was selected
to reduce the severity of pitch-up tendency at Ufting conditions (see
ref. 9) and atio to @rove the structural chsract=istics of the whg.
An aspect ratio of 4 was considered a suitable canpromise’for obtaining
high lift-drag ratios and high-performance ctiacteristics at transonic
speeds. Generally, caniberhas been shown to<hprove subsonic and super-
sonic performance. (See refs.10, U, and 12.) The entire chords in the
present wing were cambered since it has been found that this method is
highly effective in improving the lift-drag ratio. A mean Une of a = O
was used at t~e root so that the camber near the leading edge when used
in cmnbinatton with an indented body could take better sdvautage of the
upflow around the body. It was believd that the leading edge of the
wing could be lined up better with the streamlines in the upflow than
for a symmetrical airfoil section. h this manner, the strength of the
compression shock on the lower surface at the leading edge of the ~ -
would be weaker, a peak pressure on the upper surface at the leading edge
with its accompany@g adverse pressure gradient would be less evident,
and lsminsr flow in the boundsry layer on the upper surface would be
extended iria chordwise direction - all tending to produce a lower drag
at moderate M.fting conditions. A mean line of a = 0.8 (modified\)was
used for the outboard sections in order to maintain a more uniform dis-
tribution of load both spanwise and chordtise.

As has been stat~ previously, the wing was tested primarily at
0° angle of incidence. k one instance, however, the ~ was tested
at -2° sngle of incidence in ccmibinationwith an indented body. An
improvement in the drag char~teristics of a shilar wing-body config-
uration has been reported in reference 12. For these configurations,
when the wing was at 0° angle of attack, the body was inclin~ at 2° angle
of attack. ti the present investigation it was assumed that the inboard
stations of the caniberedwing would operate in sn increasd upflow around
the body ccmpsred to the configurationswith 0° angle of incidence, and
it was believed that these inboard sections would develop an additional
lift without a penal~ in drag. It was anticipated, a~o, that a slight
increase in lift would be realized fran the body itself. In this mann=,
higher values of (L/D)- were expected for the configurationswith

-2° angle of incidence than were obtaind fran the configurationswith
0° angle of incidence.

Body.- The unindented, original-body shape used as a basis of compari-
son for the indented configurations is the Same as the body used in ref&-
ence 3. This body was obtained by cutting off the.rear 21.2 percent of

. .-. =—. .— —. —.. _—
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a Sears-Haack body (ref. 13). For the present tests tQis body was made
35.3 inches long by extending the tail end of the original body 3.6 inches
rearwsrd using Sesrs-Haack body ordinates. The ordinates for this
35.3-inch body, referred to as the basic body, and the 31.7-inch original
bdy, sre shown in table II. The ratio of basic-body maximum frontal
srea to total wing plan-fozm area was O.@tO, which places the model in
the category of present-dsy bcmibers.

The outer portion of the body was made of detachable, wood impreg-
nated plastic so t~t any me of body shape in the region of the wing
could be investigateed. b order to provide sufficient body cross section
to allow for 100-percent c&npensation of the aversge area of the wing for
Mach plane cuts at M = 1.2, the maximum dismeter of the basic body was
increased from 3.212 to 3.296 inches. This unindentd, slightly larger
diameter body, referred to as the modified body, was indented axially
symmetrical to obtain relatively smooth mea distributions at Mach nmbers ,
of 1.0, 1.2, and 1.4. The contofi for the M = 1.0 body ~ 95 percent
of the full indentation specified by the transonic area rule of refer-
ence 1. This limitation was imposed by the basic structure of the test
model. It is bel.ievd that the difference in results for a 95-percent a

and a 100-percent M = 1.0 indentation would be small. !hiS body will
be referred to simply as the M = 1.0 body. As is stated in reference 14
for radially symmetricalmodifications, the area used for the approximate
optimum indentation for sny particular supersonic Mach ntier is obtained
by averaging the frontal projection of wing areas cut by Mach planes.at
all angles of roll 0 of the Mach planes with respect to the configura-
tion. For symmetricalmodels, only the average areas between 0° and 90°
have to be consider~. For the present investigation, areas for 0°, 45°,
and 90° were averagd by giving a weight of 1 to the 0° and 90° cuts and
a weight of 2 to the 45° cut. hdentations for Mach numbers of 1.2 and
1.4 compensated for the wing areas in full. The result@ mea ~stri-
butions for the respective design Mach numbers were the ssme as the nor-
mal cross-sectional area distribution of the modifi.d body. The inden-
tations used r~oved about 20 percent of the volume of the basic body
shape. Representative axial distributions of cross-sectional area for
these configurations me shown in figures 2, 3, 4, and 5 for roll
angles e of @, 45°, and 90° at Mach numbers of 1.0, 1.2, and 1.4.

Another M = 1.4 indentation was developed which will be referred
‘to as the M = 1.4 revised body. This indentation was developed from a
body that was shapal slightly different fran the modified body, as shown
in figure 6(a), so that the effect of a type of partial M = 1.4 inden-
tation in combination with the 45° sweptback wing could be investigated.
In particular, it was desired to dqtemine whether or not the partial
indentation would @rove the wave drag over a wide speed range; that is,
at off-design Mach numbers, at the same time maintaining the improvement
in drag obtsind by the regular indentation at its design Mach number.
The M= 1.4 revised indentation was approximat&y 85 percent as deep
as the regular M = 1.4 body indentation. Ordinates for all the body o

.— -. .—. —— .—— —. ..—. .——.
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contours are given in table II. Errors between

7

these design ordinates
and those obtsined frcm measurements of the ccmpleted models were not
greater than 1 percent and in most cases were much less.

APPARATUS, ~, AND ACCURACY

The investigationwas conducted in the Langley 8-foot transonic
tunnel and the Langley 8-foot transonic pressure tunnel. k the former
facility, the slotted-test-sectionMach number csm be varied continuously
fran about 0.2 to 1.14. All data presental from this tunnel sre essen-
tially free of the effects of wall-reflected disturbances, except where
not&l for a Mach number of 1.13. b the latter facility, nozzle blocks
were placed in the slots of the test section to produce a Mach number
of 1.43 test section. The design of these nozzle blocks has been
described in reference 15.

The models mount- on an
supported in the usual manner

Lift, drag, smd pitching
internal strain-gage bal&ce.

—

internal strairi-gagebalance were sting
in the tunnels.

manent were determined by means of the
The pitching momenta were taken about the

0.25 chord of the mean aerodynamic chord. The coefficients of these
forces snd mcnnentsare estimat~ to be accurate within the following
limits: for CL, ~.ol; for CDoj *0.0005; and for ~, *0.002. These

limits include the effect of possible errors in the measurements of angle
of attack. Yhe force and mcnnentresults also have been adjusted to the
condition of stresm static pressure on the base of the bciiy.

Model angle of attack was measurd by means of a fixed-pendulum
strain-gage unit mounted in the nose of the body. Angles of attack sre
estimated to be accurate within M.lOO. An attempt was made to maintain
the models aerodynamically smooth throughout the investigation. Photo-
graphs of the wing mounta on the basic body are presented ss figure 7.

!t!rsmitionwas fixed across the span of the wing at 10 percent of
the chord. It consisted of a roughness strip appro-tely 0.10 inch
wide which was tie by sprinkling carborundm grains on sm adhesive
agent sprayed on the wing. The grain size, densi~, and application of
the strip were carefully controlkl. Transition was fixed sround the
body at 10 percent of the body length in the ssme manner used for the
wing. For all the wing-body combinations tested at Mach numbers from 0.80
to 1.43, a medium densi~ (30 grains per inch) of No. 120 Carborundum
grain was used in the transition strip. Photographs of the wbg mounted
on an indented body with tr=ition fixed on both wing snd body are pre-
sented as figuxe 8.

pf$-fp
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TESTS

o

The following tests were made for a Mach number range from 0.80 to
1.13 in the Langley 8-foot transonic tunnel, and the average Reynolds

number varied from 2.56 x 106 to 2.90 x 106 based on a mean-aerodynsmic-
chord length of 8.42 inches:

Wing angle Angle
Configuration of incidence, of attack, Transition

iw> @3 u, deg

Ori@nal bctly . . . . . . . . . . 0 ~atural
Basiebody . . . . . . . . . . . . oto12 Natural
MmUfied body . . . . . . . . . . 0 Natural
Wingwith basicbody . . ..~ . . 0 -2 to approx.6 Natural
Wingwithmodifid bmiy . - . . . 0 0 Matural
Wingwith M=l. Obody . . . . . . 0 -2 to approx..6 Natural
WingwithM=l.2bcdy. . . . . . 0 -2 to approx.6 Natural
W- withM =Llbody. . . . . . o -2 to approx.6 Natural
Wing withM = 1.4 revisedIn3.y. . 0 -2 to approx.6 Natural
Wingwith M=l.2 body. . ... . . -2 0 to approx.8 Natural
Wingwith basicbody . . . . . . .- 0 -2 to approx.6 Fixed
Wingtith M=l.Obdy . . . . . . 0 -2 to approx.6 Fixed.
Wingwith M=l.2 body. . . . . . 0 -2 to approx.6 Fixed
Wingwith M=l.4 body . . . . . . o -2 to approx.6 - Fixed

.

The following tests were made at a Mach numiberof 1.43 in the
Langley 8-foot transonic pressure tunnel, and the average Reynolds num-

ber was 2.83 X 106 based on a mean aerodynamic chord length of 8.42 inches:

Wing angle Angle
Configuration of incidence, of attack, Transition

fw> @ u, deg

Basicbody . . . . . . . . . . .: oto12 Natural
Wingwithbasicbm3y. . . . . . . 0 -2 to 10 Natural
Wingwith M=l. Obody . . . . . . 0 -2 to approx.11 Natural
Wingwith M=l.2 body.... . . 0 -2 to approx.11 Natural
Wing withM =1. b body ..”.... o -2 to approx.10 Natural
Wi&with basicbody..... . . 0 -2 to approx.U. Fixed
Wingwith M=l. Obody . ..- . . 0 -2 to approx.U Fixed
WingwithM=l.2body. . . . . . 0 -2 to approx.11 Fixed
WingwithM = l.kboay . . . . . . o -2 to approx.10 Fixed
Wing withM = 1.4revisedbody . . 0 -2 to approx.11 Fixed .

..— -——— .—— --— —. .-
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RESULTS AND DISCUSSION

Bodies

BEwic aerOdynamic data.- The variations of lift, drag, and pitching-
moment coefficients with angle of attack for the basic body for the vari-
ous test Mach numbers are presentd in figure 9. The coefficients axe
based on awing area of 1.408 square feet.

Drag chsracteristics.- The variation with Mach ?nmiberof the drag
coefficient based on wing area at zero mgle of attack for the three
bodies tested (original,basic, andmcdSfied) is present~ in figure 10.
Belnreen Mach numbers of 1.13 and 1.43, the curves are interpolat~, since
test data were not obtained in this range. These data indicate that the
lowest”level of drag coefficient at all Mach numbers was obtained for the
basic body. This was expected since this body had the highest fineness
ratio (11.0) of those tested. Very little difference between the drag
coefficients for all the bodies was observed up to a Mach number of 1.03.
This difference was of the order of a drag coefficient of 0,0002 which
is within the accuracy of test measurements.

Of interest at M = 1.13 is the difference in drag coefficient
between the original and basic bodies. This difference (approximately
0.0006) indicates that the drag coefficient for the basic and modified
bodies is lower than should be expected on the basis of the drag coeffi-
cients at M = 1.0 and 1.03. A study of the tunnel-boundary-reflection
interference for these two bodies indicatd that wave reflections were
impi@g on the afterbcdy of the basic snd modified bodies at a Mach
number of 1.13. This was a direct result of increasing the length of the
bcdies frcm the original bcdy length of 31.70 inches to the basic and
modified body length of 35.30 inches.

Systematic Series Of Wing-Body Ccmibinations

Basic aerdynamic data.- The variations with lift coefficient of
angle of attack, drag coefficient, and pitching-mcnnentcoefficient for
the wing-body cotiigurations investigated at Mach numbers fran 0.80 to”
1.43 are presented in figures 11 and 12. The coefficients are based on
a wing area of 1.408 square feet. The symbol at the intersection of the
zero lines on these figures is for the purpose of Mach nuniber
identification. .

Drag characteristics.- The @g was investigated in canbination with
the basic andrnodified bodies at an =gle of attack of OO. h figure 13,
it is shown that the modified body combination has a slightly higher drag
coefficient level (approxhately 0.0003) as a result of its slightly lower

.. —-..—.—— —— ———-.+ .—. .——
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fineness ratio. The drag coefficients at M = 1.13 have been adjusted
upward by 0.0006 to allow for the tunnel-boundary-reflectioninterference
discuss@ preciously. The zero-lift wave drag of the two combinations
is essentially the same over the Mach ramiberrange for which data are
available. Curves between Mach numbers of 1.13 and 1.43 are interpolated
since test points were not taken in this range.

The variation with Mach number of drag coefficient at lift coeffi-
cients of O, 0.2, and O.4 for the conibinationsof the wing with the basic
body and bodies indentd for Mach numbers of 1.0, 1.2, and 1.4 is pre-
sented in figure 14. The data are unadjusted for tunnel-boundary-
reflection interference. These drag coefficient results indicate that
the subsonic level of zero-lift drag coefficient for the basic bcdy ccnn-
bination was 0.009; body indentation was effective in reducing the zero-
lift drag coefficients at Mach numbers above 0.95; and these reductions
in zero-ldft drag, obtained by indenting the bcdy for the various design
Mach numbers, were maintained at U.ft coefficients at least up to 0.4
throughout the test Mach number range.

In f@ure 15, all of the zero-lift drag coefficient data for the
wing-bcdy combinations tested have been adjustd upward by an increment
in zero-lift drag coefficient of 0.0006 for tunnel boundary interference
at M = 1.13. Also included in figure 15 sre the zero-~ft drag coeffi-
cients which would have been obtained for the basic body combination if
the size of the basic body had been decreased by a first approximation
method to have the same volume as that of the indentd bodies. In this
method the skin friction of the body was reduced in proportion to the
square root of the volume ratio. The wave drag of the body was reduced
in proportion to the square of the volume ratio. The increment in drag
between the adjusted and unadjusted drag of the body was subtractd from
the drag of the wing-body combination to obtain the drag coefficient
which probably would have occurred if the basic body of the combination
had the same volume as the indented bodies. These data will be used as
the basis for the analysis of the zero-lift drag smd wave-drag charac-
teristics in the remainder of this report. ‘I’hevariation with Mach n~-
ber of the minimum-drag coefficient for the various ccmibinations,as
shown in figure 16, is very similar to the zero-~ft drag coefficient
variation. A value of 0.008 for the subsonic minimum drag coefficient was
obtained for the basic wing-bmly combination at a lift coefficient of
0.075, compared with a value of 0.009 for the zero-ldft-drag coefficient.
Changing indentation design Mach number increased the subsonic value
of C% approximately 0.0006 to o.00I0.

The experimental values of zero-~ft wave-drag
figure 17 were obtained from the difference between
any Pmticular higher Mach number and the zero-lift

coefficient shown in
the zero-lift drag at
drag at a Mach

— —.. .——_ —
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number of 0.80 where the drag is due primarily
values follow closely the area-rule ,conceptin

11

to skin friction. These
that the lowest wave drag

for the various canbinationswas obtained at or near the particular Mach
number for which the body of the conibinationwas designed. The seine
trend is exhibited by the theoretical values of zero-lift wave-drag coef-
ficient (indicatedby the symbols) calculated for the various combinations
by the methd of reference 4. These theoretical wave-drag cmnputations
did not evaluate the effect of camber of the test wing. The theoretical
values, however, are considerd to be in good agreement with the experi-
mental results. The use of indentation in canbination with the wing
accounted for reductions in zero-~ft wave drag ranging frmn 0.0058 at
a Mach number of 1.0 to 0.0028 at a Mach number of 1.43 when ccnnparel
with the basic body ccnnbinationwith the body volume adjusted to have the
same volume as the indented bodies. The percentage wave-drag reductions
of the difference in zero-Mf t wave drag between the basic combination
adjustd for volume sad the basic body alone we in the range frmu 75 per-
cent at M = 1.0 to 43 percent at M = 1.43.

The maximum Ilft-tiag ratio values shown in figure 18 for the basic
body combination compare favorably with those reported for a 600 sweptback
wing-bmiy combination (ref. 3) also designed for obtaining high values
Of (L/D)m and low wave-drag characteristics at transonic and super-

sonic speeds.

At a given supersonic speed the highest values of maximum lift-drag
ratio occurred at the Mach number for which the body indentations were
designed. These values of (L/D)= ranged frcm 15.3 at M = 1.0 to

9.2 at M = 1.43. The percentage increase in (L/D)u for the tiffer-

ent indentations was in the rsmge fran 35 percent at M = 1.0 to 8.2 per-
cent at M = 1.43. Even though data points were not taken between 1.13
and 1.43, it is believ@ that the interpolation of the curve between
these two poiqts would not be a straight line, but similar to that shown
in figure 18. It is reasonable, therefore, to expect that (L/D)u

would have a value of approximately 13 at M = 1.2 which amounts to a
20-percent increase over the value for the basic body combination. These
@rovements in (L/D)m were due primarily to decreases in wave drag.

The relative increase would have been slightly less if the size of the
basic body had been decreased to have.the same volume as that of the
indented bodies. A ccmplete airplane with empennage, external s“tires,and
protuberances wiU have ~ values of lift-drag ratio somewhat below
those measured for the wing-body combination.

The lift coefficients at which (L/D)_ occurred for the VaiOUS

combinations varied “fromapproximately 0.23 at M = 0.80 to about O.3
atM= 1.03 then to a value of the order of 0.23 at M = 1.43. This
indicates that (L/D)- was obtainal at very nearly the wing design

lift coefficient.

._. — . ..._ _________ .——-— ———
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A calculation of the skin-friction-drag coefficient by the ~thod of
Van Driest (ref. 16) @ves a value of o.~96 for completely turbulent flow
at M = 0.8 for the basic body conkination. Cumparedwith” the experimen-
tally.obtained value of 0.008 for the same basic body cabinations at .
M = 0.8 with transition natural, it appears that at least partial laminar
flow existed in the low lift range for this configuration. The fact that
the tiues Of (L/D)U are of the order of 20 at sfisonic speeds also

suggests the possibili~ of the existence of som laminar flow over the
wing and body. Another supporting factor is the lower incremental drag
between CL = O and CL for (L/D)u for the configurationwithout

transition fixed as compared with the configurationwith transition fixed
throughout the test Mach number range, as ~ be seen in the transition-
fixed &.& to be discussed later.

These considerations of the possible existence of lsminar flow on
the configurations investigated with natural transition may lead to the
conclusion that the drag values herein may not be firectly applicable to
actual airplane confi@rations stilar to those tested. Less tiensive
leminar boundary and ‘inmost cases fully turbulent flow exists on actual
airplanes. In this connection, however, it should be remmbered that at

.

the higher Reynolds nrmibersencountered in flight the skin-friction-ctmg
coefficient for the actual firplane may approach the values obtained
during the model tests in the wind tunnel. The reduction in skin friction
drag with increase in Reynolds nuniberfram wind-tunnel test to flight is
in the right direction to make the drag results of the present report
approMmately what would be expected at flight conditions.

Lift characteristics.-.The lift-curve slope as shown in figure 19
for the basic, M = 1.0, M = 1.2, snd M = 1.4 body combinationsW=
averaged for a Uf t-coefficient range of appro@mately -0..05to 0.3. At
Mach nmnbers from 0.90 to 0.96 use of the various indentations reduced
the average lift-curve slope of the basic body by about 10 percent. At
supersonic speeds the slope was increased approximately 8 percent by the
indentations. ~ general, the most significant effect of changing inden-
tation design Mach number-on the average lift-curve slopes was a decrease
in the slopes of the indented combinations at M = 1.0 as the design
Mach numiberwas increased.

Pitching-rncmentcharacteristics.- An examination of the variation
with lift coefficient of the pitching-manent coefficients for all config-
urations tested at all Mach numbers fran 0.80 to 1.43, in figures n(m)
to 11(P), indicates that the ccmibinationswere stable up to the highest
Uft coefficients of the investigation (of the order of 0.7). On the basis
of past experience with sweptback wings, it may be expected for the wing
of the present test that a region of reducd stabilim will be encountered
at higher lift coefficients up to high subsonic“speeds. It is believed, ,/,

however, that design features of the present wing reduce the probability
of severe pitch-up. For the basic-body combination, the aerodynamic .

_—. —— .—.—.
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center, as may be computed frcunfigure 20, moved rapidly rearward fran
40 percent of themesm aerodynamic chord at M = 0.90 to 51 percent of
the mean aerodynamic chord at M = 0.96. At Mach numbers from 0.80 to
1.o8, the aerodynamic centers for the indented ccznbinatiomrwere farth~
forw~d than for the basic wing.body combination as shown by the varia-
tion Of ~/&L with Mach numiberin.figure 20. Between Mach nunibers

of 0.80 and 0.98, the aerodynamic centers moved rearwsrd with increase
in indentation design Mach number, but did not equal or exceed the rear-
ward travel for the basic wing-body canbination. At supersonic speeds
the aerodyrasmicc~ters, in general, approached the same locations as
for the basic wing-body cmibination:

-2° Angle of Incidence

Mach
Drag Chsmcteiistics .- The variation of drag characteristicswith
nwiber for lift”coefficients of O, 0.2, and 0.4, as affected by a

change in wing angle of incidence frcm 0° to -2° in conibinationwith the
body indented for a Mach number of 1.2, is shown in figure 21. These
data indicate that the chsmge in angle of incidence had an sdverse effect
on the performsmce characteristics of the canbination throughout the
transonic Mach number range. This siiverseeffect prduceii an increase in
minimum-drag coefficient (fig. 22) and zero-lift W&e-drag coefficient
[fig. :;] and a decrease in the values of maximum.lift-drag ratio

. .

IiLftChsractaistics .- Changirigthe sngle of incidence from 0° to
-2° for the wing on the body indented for a Mach number of 1.2 resulted
in a decrease in average lift-curve slope of about 4 percent (as shown
in fig. 25) throughout the Mach number range for which data were
available.

Pitching-manent characteristics.- AS indicatd in figure 26, neither
the stability characteristicsnor the aerodynamic centers of the wing-
body cwbinations were seriously affected by changing wing incidence
angle from 0° to -2°.

M= Z.4 Revised Body

Drag characteristics.- The drag-coefficient results for the wing in
combination with the M = 1.4 and M = 1.4 revised bodies for lift coef-
ficients of O, 0.2, and 0.4 are shown in figure ~. The effect of the
revision to the M = 1.4 body on the minimum drag coefficient, as shown in
figure 28,”was s-. In the Ma& number range (M = 0.80 to 1.13) for
which comparable data are available, it is indicated in figue 29 that the
revision to the M = 1.4 indentation resulted in a small increase in wave
drag at supersonic speeds comparable to the increase in cross-sectional
area between the M = 1.4 and M = 1.4 revised bodies without adversely
affecting the wave drag at or near M =.1.0. The maximum cross-sectional.

~:k~gmw~
. .

—-—
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revised body combinationwould be 5 percent greater
M = 1.4 combination. (See fig. 6.) b the absence
M = 1.43, tr-ition-fixed data may be used to show
of 1.43 the conclusionswould be the s= as at

effects of t~ M = 1.4 revised body were small on the msx-
ratio, the lift-curve slope, and the pitching-moment-curve
figures ~, 31, and 32, respectively.

Thnsition

h reference 16 it is indicat~ that ,yninikntedmode~ and models
indented for a Mach number of 1.41 for an el~ptical wing and tested with
natural transition did not show the drag reduction predicted by theory.
During the same investigation (ref. 17), in order to separate the poten-
tial and viscous effects, transition-fixed tests were made. These
transition-fixed results showed that the experimental reduction in wave
drag brought about by the indentation agreed with that predicted by
theory.

h the present investigation, it was desired to determine whether
turbulence at supersonic speeds also was obscuring sane effect of inden-
tation on the wave-drag characteristics of the sweptback-wing-body com-
binations tested.

Drag characteristics.- The drag coefficients of the various wing-
body combinations tested with and without transition are shown as a
function of Mach number in figure 33 for lift coefficients of O, 0.2,
and 0.4. The effect of transition on the zero-~ft wave-drag coefficient
of the various wing-body cmnbinations was erratic smd inconclusive as
shown in figure %. h general, no apparent relation could be obtaind
between the various configurations tested. For exsmple, at M = 1.43,
the wave drsg for the basic body combination was rduced, whereas little
or no effect on the M = 1.4 body conibinationwas obsend.

Hft and pitchi ng-mment characteristics.- The effect on the lift-
curve slope and pitching-mment-curve slope of fixing transition was
small throughout the test Mach number rsage, es shown in figures 35
and 36.

CONCLUSIONS

The following conclusions have been made as a result of an inves-
tigation to determine the effects of changing indentation design Mach
number at transonic @ moderate supersonic speeds on the aerodynamic
characteristics of a wing-body combination designed for high performance:

.

L’

.

—.. — _. .- —



NACARM L55J07 15

Systematic Series of Wing-Body Combinations

1. The experimental zero-lift wave-drag coefficient values followed
closely the mea-rule concept in that the lowest zero-lift wave-drag
coefficient was obtained at or new the Mach number for which the body
of the combination was designed.

the
the

mum

2. Theoretical values of zero-U.ft wave-drag coefficient for all
wing-b~ combinations were considered to be in good agreement with
experimental results.

3. At a given supersonic Mach number, the highest values of maxi-
lift-drag ratio for the various combinations were obtained at or

nesr the specific Mach nuniberfor which the body of the ccxnbinationwas
testd.. This was due prhnarily to decreases in the wave drag. At Mach
numbers of 1.0, 1.2, and 1.4, the maximum lift-drag ratios were 15.3,
’13,and 9.2, respectively.

4. In general, the most significant effect of cwng indentation
design Mach number on the.lift-curve slope5 occurred at a Mach number of
1.0 where the lift-curve slopes of the indentei c~inations decreased
as the indentation design Mach number increased.

5. A.llwing-b@ combinations exhibited linear stability character-
istics up to the highest lift coefficient of the investigation @ = 0.$.

-2° Angle of Ihcidence

1. Changing the wing angle of incidence from O0 to -2° result~ in

an adverse effect on the performance characteristics for the wing in
combination with the body indented for a Mach number of 1.2 throughout
the transonic Mach gumber rsmge. The effect of the change in wing angle
of incidence on the lift and moment characteristicswas small; primarily
the Eft-curve slope W= decreased slightly.

M= 1.4 Revised Body

1. At supersonic speeds, a small increase in zero-U.ft wave drag
ccnnparableto the increase in cross-sectional area between the M = l.h
andM= 1.4 revised bodies was obtained without an adverse effect on
the zero-lift wave drag at a Mach nuniberof 1.0.

-.—— --- . —___ _ ____ _ .._ ————— _____ . . .__—__
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Transition

1. Consistent effects of fixing transition on the zero-lift wave-
drag ctiacteristics through the Mach numiberrange”could not be obtained.

Umgley Aeronautical IAoratory,
National Advisory Committee for Aeronautics,

Langley Field, Vs., Septanber 28, 1955.

.
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Figme 1.- Details of wing-body Conibimtiona
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Figure 7.- Photographs of the 45° sweptback wing h combination with the
basic body mounted in the Langley 8-foot transonic tunnel.
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Figure 8.- Photographs of the 45° sweptback wing in combinationwith an
indented body with trsmsition fixed on both wing and body. Model is
mounted in the Iangley 8-foot transonic tunnel.
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Angle of attack ,a ,deg

(c) ~ against a.

Figure 9.- Concluded.
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(d) a against. CL for M = 1.4 W@&bO@ conibination. iv = OO.

Figure il.- Continued.
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Yj&’’~*-

____ .-— —..-— ———— ..——— .—-— ——- -–—— -—. -— ---



70 NACA RM L55J07

.052

I

048 /

/

.044 /

.040
/

/

.036 .0 / /
,’

. iw,deg

/’
/ ‘ _,

.032
I / .— — -:

.-. 0 Extrapolated data
Vn
+-C

\

::.028
y

\ 11 CL=0.4=
g w

~ 024
n

024.

.020
/

/

\
\ _

—
/ ‘

.016

/

/

/
.012 L / -~

/
‘ CL=0.2

.008

.016.
~.

t

/.012 ,
/ \=o

< 5“

F
lnteplated

.008 -8 4
.9 Lo 1.1 1.2 1.3. 1.4 1.5

Mach number, M

Figure.21.-Drag characteristicsof 45° sweptback wing in combination
with M = 1.2 body. iw = 0° snd -2°; CL = O, 0.2, and 0.4.

_———



NACA RM L55J07
.

.

.020

.016

.012

cDmin

.008

.004

0

71

iw,deg

—— . -:

~ — 1

.4

CLC
Dmjn .2

0

—.

.8 .9 1.0 1.1 1.2 1.3 1.4 1.5
Mach number,M

I I

Interpolated
1

1

I !

I I I I I I It , 1 I
.8 .9 1.0 I.1 1.2 1.3 1.4 1.5

Mach number,M

Figure 22. - Minimum drag characteristics and lift coefficient for
~ drag of 45° sweptback whg in cotiinationwith M = 1.2 body.
iW = 0° and -2°.

- .—.. .—— — ——-—.—— ——-—.-——-— .—— —-



.008
iw,deg

o

.006
—— — –2

r \

\
/

$004 I
//

//
I

/
.

.002 /

/,/ {

Interpolated

o .8
/ /

. [40 1.1 1,2 1.3 1.4 15

Mach nurnber,M

Figure 23. - Wave-drag chexacteristics of 45° .mmptback wing in combination

with M= 1.2 body. i~. ooma-20; ~.o.

I



NACA RM L55J07 73

(L@rnox

%L/D)max

Figure
for
M=

20
iw,deg

/
/ 9

/ —o/
18 / .—— -2

16 \

\

\
14 \

12” ~

10” \

8-
.8 .9 1.0 1.1 1.2 13 1.4 1.5

Mach number, M

.4’

— ~
~ ~

I.

I
Interpolated

o
.8 .9 1.0 1.1 1,2 1.3 1.4 1.5..—

Mach number, M

24. - Maxinmm lift-drag ratio characteristicsand lift coefficient
maxhum lift-drag ratio for 45° sweptback wing in conibinationwith
1.2 body. ~ = 0° and -2°.

.-. .— .——.-.—— — —— .—. .-— —.—- ————



74

CL
a

NACA RM L55J07

Jo

.08 — - -

Q6

.04 ,8 .9 1.0 1.1 1.2 1.3 1.4 L5
Mach number,M
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to 0.3.

.-. —. ——.. — - —— — —



—. —.—

80 NACA RM L55J07

.05

.05

.04

C-9-.
E

.020 v
t
I
I ~ \ .

.016 It
/
I
1]

.012 xl
Jo

/
- L-L-w -

1 1
— -J

f308~ I I I I I I I II I .~..-..

.8 .9 LO 1.1 1.2 L3
I

L4 ‘ L5
1 I I

(a) Basic wing-body combination.

Figure 33. - Drag chsracteri sties of 45° sweptback wing in combtition
with basic and indented bodies with transition natural and fixed on
wing and bodies. CL = O, 0.2, and 0.4.

.

J-kMw-J@@’



N
NACARM L55J07 81

v:
E*

g .Om

E
.024

.020

.016

.012

.008

.020

.016

.012

.008 .8
.9 1.0 1.1 1.2 1.3 L4 15

Mach number,hl ‘- -” “--

(b) M = 1.0 wing-body combination.

Figure 33. - Continued.

~L’-a

—- .-——..—..— . .. . . . ———.. ._ ~—z. _.— .—— — ——.—— .... -1



——— . —.

82 &~ NACA FiML55J07

.020

.016

.012

.008 .8 -9 Lo [.1 1.2 1.3 14 1.5
Moth number, M

(c) M = 1.2 wing-body cofiination.

Figure 33.- Continued.

——— ...—



gj~
NACA FiML55J07

0$
.% .~

%
s’ .0
h

.0

.0

.0

.0

.020

.016

.012

I I I I J’ I I
_L -

I

.0081 I I I ~ mwq

.8 .9 LO 1.1 1.2
1 1 I I

1.3 1.4 L5
Mach number, M

(d) M = 1.4 wing-body conibination.

Figure 33. - Concluded.

—. — .-— —. -— . ..-——— — . .



I

,003’
Wing-body combination

Basic

,002
— — — M=l,()

— M=I.2
— — — M=I.4

0’

,00 I /
/

/
/ “

-
/ -

- — —

o “’ /
/ \ 0-/ -

% - \

\ 1
\ /

/
I \

–.00 I v

–.002

k
Interpolated

–.003 4
.8 .9 1.0 1,1 1.2 1.3 (.4 1.5

Mach nmber,M

Figure 34. - The effect of transition on the wave-drag characteristic

of the 45° aweptback

Ix&es. CL = o.
wing in combination tiththe-baaic and indented

I

1



NACA R&lL55J07

>.

; 85

CL=

CL=

.10 .
TmnsHlon natural

——— Trmsition fixed

.08 / Y
< = — ~

/
/

1. \

.06
. \

M=I.4 wing-body combination

.04-

.10

.08
/ ‘ “ – ‘y - .\

+- \

.06
M=l.Zwing-body cmmbkmticm

\

.04

.10

.08 +, -
> “

~
/ \ \

\

.06
M=I.O wing-body combkmtian

\

.04

.10

.08
Y

/ -’\

~
/ \

.06
\

~ _
Basic wing-body combination

I }

\/ ~ Interpolated
.04 - ‘1

.8 .9 1.0 1.1 1.2 1.3 1.4 1.5

Mach number, M

Figure 35. - Average lift-curve-slope characteristicsof the 45° swept-
back wing in conibinationwith the basic and indented bodies with
transition natural and fixed on the wing and bodies. CL . -0.05

to 0.3.

—.. ._ .,-. .—. .— .—-———— —.———-—- -—---—__ —.- —



—.— . —— — —- .— - .. . . .. .. ——. ——..

86

acm-
d CL

NACA RM L55J07

n31 I I 1 I I I I I I I I [ I I 1

.2J—J——J— Tmn4tion natural,
/ ——— Transition fixed
.

~ ~

YI
M=l.4winq-body cmriination

I 1 I I I I 1 1

0 II I

73

/ y
— — — —

// ‘

// —

72
~ 7 “

+ ~

nl
M=J.2 ving-body mnbinaticm

o

–.3

A ~“ -
/ ‘

;2”
L ~

//
A/

— ~
/

71
M=LOwing-bcdy combination ~.

o
+.-

?3
. .

- =

/
+2 /

/ ~

v I
8osic wing-body combination

1 I

o H ~ Interpolated d
.8 .9 1.0 1.1 1.2 1.3 1.4 1.5

Mach number, M .

Figure 36. - Stability characteristics of the 45° sweptback wing in
conibinationwith the basic and indented boti.eswith transition
natural and fixed on the wing and bodies. CL = -0.05 to 0.3.

NACA - Lm@ey FhkL Va.
.

.

——. -. —-— .——


